
Summary. Protein-energy malnutrition (PEM) decreases
resistance to infection by impairing a number of
physiological processes, including haematopoiesis. The
aim of this study was to evaluate the microanatomical
aspects of bone marrow (BM) in mice that were
subjected to PEM, in particular, with respect to the
components of the local extracellular matrix and the
proliferative activity of haematopoietic cells. For this,
histological, histochemical, immunohistochemical and
ultrastructural techniques were used. Two-month old
male Swiss mice were fed with a low-protein diet
containing 4% protein and control mice fed a 20%
protein diet. When the experimental group had attained a
25% loss of their original body weight, we collected the
different biological samples. Malnourished mice had
presented severe BM atrophy as well as a reduction in
proliferating cell nuclear antigen and gelatinous
degeneration. The malnourished mice had more
fibronectin accretion in paratrabecular and endosteal
regions and more laminin deposition in perisinusal sites
than controls. Endosteal cell activation and hyperplasia
were found, suggesting their participation in the process.
Additionally, we have observed a decrease in the
capacity of malnourished haematopoietic stroma to
support the growth of haematopoietic stem cells
(CD34+) in vitro. These findings point to a structural

impairment of the haematopoietic microenvironments in
mice with PEM, possibly hampering the interactions
between cells and cellular signalling. 
Key words: Gelationous degeneration, Protein-energy
malnutrition, Extracellular matrix, Bone marrow,
Haematopoiesis, Microenvironment

Introduction

The four most incident nutritional deficiency
diseases in developing countries are protein-energy
malnutrition (PEM), xerophthalmia, nutritional
anaemias, and iodine deficiency disorders. Of these,
PEM is the most frequent and the most difficult to
control. The primary cause of PEM is usually an
insufficient intake of food or proper utilization of energy
and protein (Latham, 1990). The haematopoietic tissue,
like all the tissues that have a high rate of cell renewal
and proliferation, requires an ample supply of nutrients,
and may thus be altered by deficient nutritional states. It
has been well established, in other studies (Chandra,
1991, 1992, 1997; Chandra and Kumani, 1994; Borelli et
al., 1995; Krenitsky, 1996; Schrimshaw and
SanGiovanni, 1997; Woodward, 1998), that PEM
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modifies both the specific and non-specific immune
response to an infectious agent, as well as impairing
haematopoiesis. Of all the effects that PEM has on
immunocompetence, the most striking are: i) atrophy of
the lymphoid tissue, particularly in the thymus; ii) a
reduction in delayed cutaneous hypersensitivity; iii) a
reduction in the number of T cells, especially T helper
cells; iv) a decrease in thymulin activity; v) hindering of
secretory immunoglobulin A antibody response; vi) a
reduced concentration and activity of complement
components and phagocyte dysfunction (Redmond et al.,
1991; Chandra, 1992; Woodward et al., 1992; Ozkan et
al., 1993; Borelli and Nardinelli, 2001). The exact
mechanisms underlying these alterations have not yet
been elucidated.

The bone marrow (BM) is a physiologically
dynamic tissue that can present an increased cell
turnover rate and a wide variation in cellularity. In
normal conditions (Wilkins, 1992), 25% to 75% of the
bone marrow cavity is filled with haematopoietic cells in
different stages of maturation and stromal cells (reticular
cells, macrophages, endothelial cells and adipocytes), in
addition to extracellular matrix (ECM) proteins and
cytokines (Weiss, 1986; Valli, 1991; Wilkins, 1992). The
composition of the bone marrow ECM is
topographically variable and is associated with the
development of different lineages of blood cells,
suggesting the existence of specific interactions between
stem cells and stromal elements (Nilsson et al., 1998,
2001). 

Severe PEM imposes a variety of effects on all cells
of the body. This has been evidenced by the report of
diminishment or loss of cell proliferation in several
organs following severe PEM (Suda et al., 1976;
Betancourt et al., 1989; Borelli et al., 2004). Cell
proliferation has been shown to be decreased in the bone
marrow and spleen of malnourished mice, which also
presented a lower number of pluripotent progenitors
when compared to control mice (Fried et al., 1978). A
study carried out to determine the effect of malnutrition
on the cell cycle in bone marrow cells reported a
decrease in the number of viable nucleated cells and a
decrease in the mitosis index (Olmos et al., 2001). In
previous studies, we demonstrated that the production of
cells of the myeloid lineage is hampered in PEM (Borelli
et al., 1995) and that ECM proteins are shown to be
quantitatively altered (Vituri et al., 2000, 2005) which
may account for the bone marrow atrophy and
pancytopenia observed in subjects with PEM.

The aim of this study was to characterise the
microanatomical aspects of the bone marrow and their
correlation with haematopoiesis in vivo and in vitro
using mice that were subjected to PEM.
Materials and methods 

Diets

The murine diets were prepared in our laboratories
(Table 1). Mineral and vitamin mixtures were prepared

according to the recommendations for adult mice of the
American Institute of Nutrition (Reeves et al., 1993).
The control diet contained 20% (w/w) protein whereas
the hypoproteic diet only 4% (w/w). The source of
protein used was casein. Except for the protein content,
the two diets were identical and isocaloric, the total
amount of casein removed from the formulation of the
hypoproteic diet having been substituted for the same
mass of corn starch. The final protein content of each
ration was monitored by the standard micro-Kjeldahl
method (Instituto Adolfo Lutz, 1967).
Mice

Male, outbred, Swiss and C57BL/6J mice, 2 to 3
months old, were obtained from the Faculty of
Pharmaceutical Sciences at the University of São Paulo.
They were placed in individual "metabolic cages", and
received the control diet for 21 days. After this
adaptation period, the mice were subsequently divided
into two groups and maintained under a regular
light/dark cycle of 12 h, temperature of 22-25°C and a
relative humidity of 55±10%, receiving either the control
or the low-protein diet and water ad libitum. Their body
weight was monitored every 72 h and the consumption
of food every 48 h. Mice were submitted to experimental
assays when the undernourished group lost 25% of their
original body mass (Borelli et al., 1995). For the
collection of the different biological samples, the mice
were previously anesthetized with xylazine (10 mg/kg)
(Rompum“, Bayer, Brazil) and ketamine chlorohydrate
(100 mg/kg) (Ketamina“, Cristália, Brazil). The
Commission for Ethics in Animal Studies of the Faculty
of Pharmaceutical Sciences at the University of São
Paulo approved this study.
Blood

Heparinized blood samples were obtained via
cardiac puncture and collected concomitantly with the
bone marrow cells and sternum for histological,
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Table 1. Composition of experimental diets1.

Ingredients Control group Malnourished group

(g/kg diet)
Casein (>85% protein) 200 40
Sucrose 100 100
Fiber 10 10
Corn oil 80 80
Mineral mixture2 40 40
Vitamin mixture2 10 10
L-Methionine 1.5 1.5
Choline bitartrate 2.5 2.5
Cornstarch 556.5 716.5

1: Isocaloric diets providing 1716.3 kJ/100g (410.6kcal/100g); 2: Mineral
and vitamin mixtures were prepared according to the 1993.
Recommendations of the American Institute of Nutrition for adult mice
(Reeves, 1993).



immunohistological and ultrastructural studies. Total and
differential blood cell counts were carried out (Lecoq,
1972). Plasma was separated by centrifugation and the
total protein content and albumin was determined by the
standard methods used in medical analysis (Lecoq,
1972).
Bone marrow: cells

Bone marrow cells were obtained by flushing the
femoral cavity with McCoy's 5A medium (Sigma
Chemical Co., St. Louis, MO, USA). They were
quantified in a hemocytometer, and cytocentrifuge
smears were stained by the standard May-Grunwald and
Giemsa solutions (Sigma Chemical Co., St. Louis, MO,
USA). Differential cell counts were performed
considering 500 cells per animal. 
Bone marrow: histology and morphometry

We studied the sternal bone marrow. The sternum
was removed and immediately immersed in Carnoy
fixative for 1 hour, and processed by standard
histological techniques (paraffin-embedding). For
immunohistochemistry, the sternum was fixed for 1 hour
in 4% paraformaldehyde (Sigma Chemical Co., St.
Louis, MO, USA), decalcified in 5% nitric acid for 3
hours and paraffin-embedded. Sternum sections, 5 mm
thick, were stained by Hematoxillin-Eosin (HE),
Masson's Trichrome, Picrosirius, Gordon & Sweets
(reticulin), Periodic Acid Schiff (PAS) and Alcian Blue
pH 2.5. Picrosirius-stained sections were studied under
polarised light. Morphometry was done using a
computerised image analysis system (BIOSCAN/
OPTIMAS®).
Immunohistochemistry: Fibronectin, Laminin and
Proliferating Cell Nuclear Antigen (PCNA)

For immunohistochemical analyses, BM sections
were labelled with the following primary antibodies:
polyclonal anti-fibronectin (1/400 dilution), polyclonal
anti-laminin (1/25 dilution), and anti-PCNA PC10 clone
(1/100 dilution), all purchased from DAKO, Denmark.
Immunostaining was performed according to a
streptavidin-biotin peroxidase technique using the
StreptABComplex-HRP Duet System – DAKO,
Denmark. The immunoreactivity was visualized after
incubation with freshly prepared 0.5% 3.3
diaminobenzidine (Sigma Chemical Co., St. Louis, MO,
USA) and 0.045% hydrogen peroxide in PBS, pH 7.2.
Slides were counterstained with Harris' hematoxillin.
The endogenous peroxidase of BM tissue was blocked
with 3% hydrogen peroxide for 30 minutes in the dark
previous to exposure to primary antibodies. Negative
controls were carried out omitting the primary antibody.
Processing for transmission electron microscopy (TEM)

Fragments of sternum (1 mm2) from which all the

adjacent soft tissues were removed were immersed in
2% glutaraldehyde (Sigma Chemical Co., St. Louis, MO,
USA) supplemented with 2.5% formaldehyde (freshly
prepared from paraformaldehyde) in 0.1 mol/L
cacodylate buffer, pH 7.4 (Sigma Chemical Co., St.
Louis, MO, USA) for 6 h at room temperature and left
overnight at 4°C (Arana-Chavez and Katchburian,
1995). Specimens were decalcified in 4.13% EDTA
(Sigma Chemical Co., St. Louis, MO, USA), pH 7.2 for
7 days, extensively washed in 0.1 mol/L cacodylate
buffer, pH 7.4, and post-fixed in 1% cacodylate-buffered
osmium tetroxide (Sigma Chemical Co., St. Louis, MO,
USA) for 2 h. Specimens were dehydrated in graded
concentrations of ethanol and in acetone before
embedding in Spurr® (Electron Microscopy Sciences,
Fort Washington, PA, USA) at 70°C for 72 h. Toluidine
blue-stained 1 mm thick sections were examined by light
microscopy, and regions containing the bone marrow
and the adjacent endosteal surface were trimmed for
ultra thin sectioning. Sections (80 nm) were cut with a
diamond knife on a Leica Ultracut R ultramicrotome®
(Leica, Buffalo, NY, USA), collected onto 200 mesh
copper grids, stained with uranyl acetate and lead citrate,
and examined under a Jeol 1010® transmission electron
microscope (Jeol, Tokyo, Japan) operated at 80 kV.
Processing for ultrastructural cytochemistry

The evaluation of the presence of proteoglycans
(PG) in the bone marrow ECM was made using a
cytochemical staining of sternum fragments with the
cationic dye ruthenium red, for the ultrastructural
identification of PG (Minguell and Tavassoli, 1989;
Arana-Chavez and Katchburian, 1995). However, at this
point we have not yet carried out the enzymatic
treatment of the samples, and therefore have not
characterised the chemical nature of the PG molecules.

Bone fragments were collected as previously
described and fixed in the same fixing agent for 36 h.
Specimens were washed in a 0.1 mol/L sodium
cacodylate buffer, pH 7.4, containing 0.1% ruthenium
red, and processed as described later. Some specimens
were left unstained before examination, which was
carried out in a Jeol 1010 transmission electron
microscope, for better identifying the electron opaque
deposits corresponding to ruthenium red.
Long-term mouse bone marrow cultures

The long-term bone marrow assays were carried out
according to the protocol described by Spooncer et al.
(1993). 2 to 3 month old C57BL/6J mice were used for
this experiment. The mice were submitted to the same
procedures described above to achieve malnutrition.
Long-term bone marrow cultures (LTBMC) are able to
sustain haematopoiesis without the necessity of adding
growth factors, for these are supplied by the stromal
cells that form a cellular and an extracellular matrix. The
capability of this system to sustain haematopoiesis is
totally dependent on the establishment of a layer of
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adherent cells that are derived from the stroma of the
bone marrow (Spooncer et al., 1993). This type of assay
can only be carried out using cells of isogenic animals,
the C57BL/6J strain being the one most frequently used
in studies involving this type of assay.

The cells from control (C) and malnourished (M)
mice from both femora and tibiae were flushed out with
Fisher’s medium (Sigma Chemical Co., St. Louis, MO,
USA) and supplemented with 10% of horse serum
(Cultilab, Campinas, Brasil). After collection, the cells
were quantified in a hemocytometer using trypan blue
(Sigma Chemical Co., St. Louis, MO, USA) and were
plated in 24 well culture plates (2x105 cell/well) in
Fisher’s medium supplemented with 25% of horse serum
(Cultilab, Campinas, Brasil), 1 µmol/L hydrocortisone
sodium succinate (Sigma, St. Louis, MO, USA), 100,000
UI/L of penicillin and 100 mg/L of streptomycin (Sigma
Chemical Co., St. Louis, MO, USA). The cultures were
maintained at 33°C with a 5% CO2 atmosphere. The
cultures were fed fresh growth medium every 7 days.
After the establishment of an adherent layer of cells
(which took almost 1 month) the cultures were irradiated
to ablate endogenous haematopoieses with a dose of 5
Gy delivered by a caesium-137 source at a dose rate of
3.52 Gy/min. The old medium was removed and CD34+
cells obtained from BM of control mice were plated to
the stroma (5x104 cell/L). CD34+ cells were isolated by
using anti-mouse CD34 RAM 34 clone (Pharmyngen,
BD Biosciences, USA) and mouse anti-rat kappa
microbeads (Miltenyi Biotec, Germany), followed by
magnetic column enrichment according to the
manufacturer’s instructions (Miltenyi Biotec, Germany).
The establishment of the stroma and consequent
haematopoiesis were evaluated weekly using an inverted
microscope. 
Statistical analysis

The dependent variables are normally distributed.
Results were analysed using the t test, and results were
considered significant at α≤ 0.05 throughout this study.
Results

From the amount of nitrogen present in the diets, we
calculated that the control diet contained 18.0±1.4%
(n=3) of protein whereas the hypoproteic diet contained

4.0 ± 0.6% (n=5) of protein.
The mice that were maintained on the hypoproteic

diet spontaneously reduced their ration consumption up
to 31.9% in relation to control mice, which resulted in
the decrease of protein consumption, body weight loss
and decrease in plasma concentrations of protein and
albumin (Table 2). The malnourished group experienced
a 25% loss of body weight in a period of 14 to 16 days,
after the introduction of the hypoproteic diet. 
Blood and bone marrow cellularity

The malnourished mice were anaemic (haemoglobin
concentration: control = 13.25±0.38 g/dL; malnourished
= 10.34±0.45 g/dL, P ≤ 0.05) with reticulopenia (control
= 6.96±0.87%; malnourished = 1.20±0.21%, P≤ 0.05)
and depletion of polymorphonuclear granulocytes,
lymphocytes and monocytes (Table 3). Differential
counts of BM cells indicated a significant decrease in the
number of polymorphonuclear cells, macrophages and
erythroblasts (Table 3). The malnourished mice
presented a significant decrease in the number of cells of
all maturation steps of the granulocytic lineage,
associated to a significant decrease of the erythrocytic
compartment, which was clearly detected not only by the
reduced number of erythroid cells, but also by an
expressive increase in the granulocytic:erythroid and
lymphoid:erythroid ratios (Table 3). These results
characterise marrow failure, most likely due to the
impairment of primitive BM cell progenitors. 
Bone marrow: morphometry and histology

The malnourished mice (n=4) presented shrinkage of
the marrow haematopoietic space with a decrease of the
bone marrow area occupied by cells (15.73±2.03%) in
comparison to the control mice (Fig. 1A) (52.89±2.78%,
n=3, P≤ 0.05 ), as well as presenting myeloid atrophy in
which there was depletion of erythroid and granulo-
monocytic compartments and, in more severe cases of
malnutrition, also of the megakaryocytic compartment
(Fig. 1B). The bone marrow sinuses appeared to be
dilated and interstitial areas became filled with slightly
acidophilic granular material, characterising a gelatinous
degeneration of the bone marrow, with associated local
haemorrhage. Alcian Blue and PAS were positive in
these regions (data not shown), suggesting an increase in
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Table 2. Food and protein intakes, body weight variation and plasma protein and albumin concentration of control and malnourished mice. 

Groups n Food Intake Protein intake Body weight variation Plasmatic Protein Plasmatic Albumin
(g/day/animal) (g/day/animal) (% initial weight) (g/dL) (g/dL)

Control 15 3.57±0.63 0.71±0.12 2.30±1.77 7.20±0.98 4.20±0.60
Malnourished 35 2.43±0.81* 0.10±0.03* -25.00±3.88* 4.80±0.80* 3.10±0.40*

The results are shown as mean values plus or minus standard deviation. Asterisks indicate when there was significant difference between the
experimental and control groups (P≥ 0.05).
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Fig. 1. Sections are of
bone and marrow
interface showing the
bone (b), endosteal
regions (e) and the
central marrow region.
A. Bone marrow biopsy
section from a control
animal showing normal
cellularity and the
endosteal area (Arrow).
Embedded in paraffin (HE
stain, x 400).
Representative section of
control (n=5) and
malnourished group
(n=15). B. Bone marrow
biopsy section from a
malnourished animal
showing severe atrophy.
Embedded in paraffin (HE
stain, x 100).
Representative section of
control (n=5) and
malnourished group
(n=15). C. Bone marrow
biopsy section from a
malnourished animal
showing areas of
stratification (Arrow) and
eventual projection into
bone marrow cavity.
Embedded in paraffin (HE
stain, x 400).
Representative section of
control (n= 5) and
malnourished group (n=
15). D. Negative control
used in the
immunohistochemical
analyses. Embedded in
paraffin (x 100). E, F, G,
H. Bone marrow biopsy
section labeled with
specific antibodies
against the extracellular
matrix protein fibronectin
from a control (E) and a
malnourished animal (F)
and with antibodies
against laminin from a
control (G) and a
malnourished animal (H).
Embedded in paraffin
(x 400). Control (n=4) and
malnourished group
(n=5).



the amount of ECM. The endosteal cells presented
anisocytosis with architectural dearrangement, as well as
areas of stratification and occasional projection into the
BM cavity (Fig. 1C). In these regions, staining by Alcian
Blue was increased. Using polarized light analysis of
picrosirius-stained slides, a shift from an intense red
birefringence in control mice (data not shown) to a
weakly yellow colour in the malnourished ones could be
observed, indicating a loss of collagen density. 
Bone marrow: distribution of fibronectin and laminin

An increase in the accretion of fibronectin (FN),
mainly in endosteal/paratrabecular sites of the sternum,
was observed in the BM of malnourished mice (Fig.
1E,F). The malnourished mice also presented an increase
in laminin (LN) accretion, particularly in perisinusoidal
regions of the marrow (Fig. 1G,H). These results are in
accordance with our quantitative analyses (Vituri et al.,
2000).
Proliferating Cell Nuclear Antigen (PCNA) expression

The immunostaining of PCNA positive cells yielded
a dark brown deposit in the nuclei. The proliferative
index was expressed as the percentage of labelled cells
per 3000 nucleated cells. We analysed the number of
positive cells considering three distinct regions of the
BM: the subendosteal, paratrabecular and perisinusoidal
regions. The malnourished mice (n=8) presented a
significant decrease in the number of cells expressing
PCNA (8.57±3.59%) in comparison to the control mice
(20.18±5.34%, n=7, P ≤ 0.05) despite the region
analysed, which is evidence of a decline in BM cell
proliferation.
Bone marrow: ultrastructural analysis

Bone marrow cells were in close proximity to one
another in all the control specimens, with ECM
restricted to marrow interstitial areas. The endosteum
was a continuous layer of flattened bone lining cells that
were apposed to the osteoid (Fig. 2A). Conversely, in the
experimental group, the areas occupied by the ECM
were larger, and some bone marrow cells presented
morphological sign of suffering (irregular cytoplasmic
boundaries and debris) (Fig. 2B). The endosteum
showed signs of greater activity when compared to the
control group, as was evidenced by a layer of newly
formed bone over the pre-existing bone, and in the
majority of cases, a typical cement line was clearly
discerned separating the two layers of bone (Fig. 2C,D).

The ultrastructural cytochemical analysis showed
electron opaque deposits with a granular appearance,
which corresponded to proteoglycan complexes stained
by ruthenium red. The control specimens exhibited small
deposits uniformly dispersed between the bone marrow
cells. They were better observed when unstained ultra
thin sections were examined, and appeared forming

larger accumulates in close relation to the plasma
membrane of the cells (Fig. 3A). The specimens of
undernourished mice appeared to contain larger
proteoglycan complexes. They constituted a clearly
discernible network and filled the larger intercellular
spaces between the bone marrow cells (Fig. 3B). Higher
magnification revealed larger clumps in close apposition
to the cell membranes (Fig. 3C).
Long- term bone marrow culture

The stroma obtained from BM cells of malnourished
mice did not adequately sustain haematopoiesis. The
stroma obtained from the control mice established itself
3 to 4 weeks after plating, and the adhering layer was
predominantly made up of cells with fibroblastoid
characteristics, adipocytes, and frequent macrophagic
cells. On the other hand, the stroma obtained from
malnourished mice only established itself later (5 to 6
weeks after plating), and in several samples did not
establish itself at all. The emergence of haematopoietic
cells occurred already in the first week after the plating
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Table 3. Blood, bone marrow cells and bone marrow ratios of control
and malnourished mice

Control Malnourished
BLOOD (cells/mm3 ) (cells/mm3 )

Erythrocytes (x106) 9.43±0.24 6.03±0.24*
Leucocytes 3158±408 845±154*
Neutrophils 1045±270 176±21*
Lymphocytes 1914±249 662±97*
Monocytes 83±23 7±3*

BONE MARROW (x106/femur/animal) (x106/femur/animal)

Total cell count 9.81±1.10 4.76±0.32*
Blast cells 0.50±0.08 0.02±0.03*
Promyelocytic and myelocytic cells 0.60±0.09 0.35±0.02*
Band cells 2.08±0.25 1.11±0.15*
Segmented cells 1.80±0.29 1.30±0.14*
Eosinophils 0.16±0.04 0.07±0.01*
Erythroblasts

Proerythroblast+Basophilic 0.09±0.01 0.02±0.01*
Polychromatophilic 0.58±0.08 0.08±0.01*
Orthocromatic 0.62±0.01 0.02±0.00*

Lymphocytes 1.50±0.15 1.58±0.07
Macrophages 0.09±0.02 0.04±0.02*
Plasma cells 0.01±0.00 0.00±0.00*

BONE MARROW RATIOS

Granulocytic/erythroid 3.41±0.02 22.50±0.07*
Granulocytic/lymphoid 2.93±0.15 1.71±0.07*
Lymphoid/erythroid 1.16±0.01 13.20±0.15*

Results, expressed as mean plus or minus standard deviation of the
total number of erythrocytes and leucocytes, and total number of cells,
as well as the number of cells belonging to the different haematopoietic
lineages present in the bone marrow of control mice (n=15) and
malnourished mice (n=35). Asterisks indicate when there was significant
difference between the experimental and control groups (P ≤ 0.05).
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Fig. 2. Electron micrograph showing a part of the bone marrow adjacent to the endosteum. Uranyl acetate/lead citrate staining. A. Control group 
(x 2400). B, C, D. Experimental group. Note that abundant extracellular matrix appears between the cells (B, x 2000). Note that a new layer of bone
has been deposited over the pre-existing bone surface. A cement line is observed at the boundary between the two regions of bone. In the new forming
bone, a new osteocyte appears connected to the outer osteoblasts by two fine cell processes (C, x 2700). Electron micrograph (D, x 2750) showing the
endosteal surface of bone at a region different to that shown in C. A new layer of bone has been deposited over the preexisting bone from which it is
separated by a cement line. Representative sections of control (n=2) and malnourished groups (n=2).

Table 4. Results of the Long term bone marrow cultures (LTBMC).

Clusters Colonies “Cobblestone” areas
Time (wk) Control Malnourished Control Malnourished Control Malnourished

1 430±11 430±52 14±1 10±2* 0 0
2 77±20 125±40 81±7 28±8* 7±2 1±1*
3 73±16 41±11* 68±12 45±11* 10±1 3±1*
4 71±19 48±7* 71±4 42±9* 4±1 0*
5 76±9 57±5* 78±13 49±13* 4±2 1±1*
6 87±6 57±12* 61±14 37±10* 8±2 4±1*
7 56±3 55±19 41±11 23±4* 8±2 2±1*
8 79±20 69±15 57±22 28±7* 8±3 2±1*
9 90±4 55±4* 75±14 32±10* 10±4 2±1*

Results, expressed as mean plus or minus standard deviation of the total number of clusters, colonies and “cobblestone” areas counted in the long
term BM culture of control (n=4) and malnourished (n=4) mice. Asterisks indicate when there was significant difference between the experimental and
control groups (P ≤ 0.05).



of CD34+ cells in both groups alike. However, the
number of clusters (clusters are groups of cells made up
of 2 to 49 cells that originated from a single cell) and
colonies (colonies refers to groups of 50 cells or more.
In these assays, it is assumed that both clusters and
colonies are derived from a single cell) and the
“cobblestone” areas throughout the culture were
significantly smaller in the stroma originating from
malnourished mice (Table 4). The cultures persisted up
to 10 weeks after the plating of CD34+ cells and in the
stroma of the control mice there was a persistence of
areas of haematopoiesis, whilst these disappeared in the
stroma from malnourished mice. 
Discussion

This study has found that PEM produces both
qualitative and quantitative alterations on both the
stromal component and the extracellular matrix of the
bone marrow, inducing a decrease in haematopoiesis
which contributes to the anaemia and leucopoenia found
in PEM. However, due to the decrease in the
consumption of ration presented by the malnourished
group, it can not be determined whether the changes in
the bone marrow ECM were exclusively due to protein
deficiency or if they resulted from the general stress
response that accompanies a large decrease in feed
intake. 

The gelatinous degeneration (also known as serous
atrophy, mucoid degeneration and starvation marrow) of
the bone marrow is a condition that is characterised by
hypoplasia of haematopoietic cells in the bone marrow
and deposition of focal or generalized extracellular
gelatinous substances, especially hyaluronic acid
(Cornbleet et al., 1977; Seaman et al., 1978). The
gelatinous degeneration has been observed in chronic
disorders, such as chronic infections, neoplasia,
malnutrition and anorexia nervosa. In the present study,
we found the bone marrow of malnourished mice to bear
a condition similar to that of gelatinous degeneration
observed in humans. 

The altered BM microenvironment potentially
modifies haematopoiesis, both in vivo and in vitro. Only
a few studies correlate PEM with ECM alterations. Lyra
et al. (1993) observed an increase of the ECM density in
the thymus, and considered this to be responsible for the
depletion of thymocytes. In a previous study, we
reported an increase in the extractable fibronectin and
laminin from bone marrow in mice with PEM (Vituri et
al., 2000). 

In the present study, we found an atrophic state with
subversion of the haematopoietic environment, which
may hamper the spatial relationship between
haematopoietic and stromal cells, as well as disturb
components of the ECM. These data complement and
shed new light on one of our earlier studies (Vituri et al.,
2000), in which we observed an impact on the terminal
differentiation of BM cells induced by PEM. The
endosteal lining, which predominantly contains flattened
cells organised in a single layer, occasionally substituted
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Fig. 3. Ultrastructural cytochemistry using ruthenium red. A. Control
group (n=2). Electron micrograph showing an ultrathin section that was
left unstained for better discerning the electron opaque deposits
corresponding to the cationic dye. Note that while small deposits of the
dye appear interspersed along the extracellular matrix, some of them
accumulate on the plasma membrane of a cell (x 34000). B.
Experimental group (n=2). Electron micrograph showing abundant
electron opaque deposits corresponding to the cationic dye interspersed
along the extracellular matrix (x 9600). C. Electron micrograph showing
large electron opaque accumulates corresponding to the cationic dye in
close relation to the plasma membrane of a cell (x 35000)



by osteoblasts and osteoclasts (Wickramasinghe, 1997),
was heterogeneous, with irregular cell orientation and
form, projected into the marrow cavity and occasionally
becoming cuboid, with larger nuclei and a reticular
chromatin (Fig. 2B). These characteristics are suggestive
of cell activity, and confer to the endosteum a reactional
aspect, similar to the aspect observed during foetal
development or even in marrow/bone injury and repair
(McManus and Weiss, 1984; Islam et al., 1990, 1992;
Brach and Herrmann, 1991). In this study, cement lines
marking the border of pre-existing bone and the new
bone layer was observed on TEM (Fig. 4C,D) indicating
an increase in the activity of endosteal cells. The
expansion of the ECM around endosteal cells in the BM
of malnourished animals was evidenced by Alcian blue,
suggesting a local accretion of acidic proteoglycans.
There is evidence that these molecules influence cell-cell
and cell-matrix interactions suggesting that they have
important roles in controlling haematopoiesis (Kolset
and Gallagher, 1990). 

A pre-requisite for normal haematopoiesis is the
location of stem cells in specific microenvironments,
which allows for interactions between cells and the ECM
(Tavassoli and Minguell, 1991). The proper location of
stem cells is dependent upon migration within the
marrow followed by a selective retention in specific
endosteal niches (Nilsson et al., 2001). 

The interaction between primitive progenitor cells
and the stroma depends upon the presence of
proteoglycans secreted by stromal cells (Siczkowski et
al., 1992), which can interact with other components of
the ECM such as fibronectin, participating in the
regulation of cell proliferation (Minguell and Tavassoli,
1989). Although only ruthenium red staining without
enzymatic treatment was used, the ultrastructural
cytochemical data suggest that the quantity of sulphated
proteoglycans is different in malnourished animals.
Whilst a normal distribution of fibronectin and laminin
has been described in the BM (Nilsson et al., 1998),
references describing alterations of these proteins in
malnutrition were not found. In addition to finding an
increase in acid proteoglycans we describe an increase in
the accretion of LN and FN in the bone marrow of
malnourished mice, particularly in endosteal and
subendosteal sites. The immunohistochemical evidence
of the intense accretion of FN in malnourished animals
suggests a possible alteration of the interaction between
FN and its receptors in the adhesion and migration of
haematopoietic cells (Gordon, 1988; Tavassoli and
Minguell, 1991; Clark et al., 1992). Haematopoietic
stem cells express two receptors for FN: VLA-4 and
VLA-5, and there is evidence that these receptors may
modulate, independently, the adhesion and migration of
already committed primitive and progenitor cells (Giet et
al., 2002). Considering that the molecules of the ECM
are involved in the regulation of adhesion, migration,
proliferation and differentiation of the haematopoietic
cells (Mayani et al., 1992; Klein, 1995), such alterations
can interfere in the processes of growth and
differentiation of haematopoietic cells (Borelli et al.,

1995; Klein, 1995; Davidson and Benn, 1996; Vituri et
al., 2000). Accordingly, results obtained in this study
demonstrate that the presence of PCNA was
significantly reduced in the cells of mice with PEM,
suggesting that alterations of the BM microenvironment
may be responsible for the alteration in cell proliferation
(Betancourt et al., 1995; Gonzalez et al., 2002). 

In addition to the modifications found in vivo,
studies in which haematopoiesis was attempted in vitro
evidence that the stroma obtained from malnourished
animals is less capable of supporting haematopoiesis
after co-culture with CD34+ cells obtained from control
animals, indicating that the stromal cells obtained from
malnourished animals present functional alterations. 

The BM atrophy found in PEM, as well as the
anaemia and leukopenia present in peripheral blood
suggest a hampering of the proliferative capacity of
progenitor cells, once the decrease of the marrow
compartment was not due to the accelerated efflux of
cells to the peripheral blood.

Biochemical, structural and cellular alterations of the
haematopoietic microenvironment consequent to PEM
may contribute to the BM atrophy observed in this state. 
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